We study the properties of microwave generation in a virtual cathode oscillator with a photonic crystal composed of metal grids. Our simulation results show the high efficiency of photonic crystal structure utilization in comparison with the standard scheme of an axial virtual cathode oscillator: operation efficiency reaches 20% at the optimal parameters. The obtained results demonstrate that the virtual cathode oscillator with a photonic crystal can be considered as a prospective high-power microwave source where the vircator operation mechanism and photonic crystal properties complement each other to produce high-power electromagnetic radiation. Published by AIP Publishing. https://doi.org/10.1063/1.5038277
High-power microwave (HPM) sources are applied in a wide range of challenging tasks in prospective areas of science and technology. Many HPM devices are closely related to fields of modern science such as acceleration of ions, plasma heating, and thermonuclear fusion. Along with pure fundamental science, HPM sources are of strong commercial interest (radar and communications, power beaming, space applications, etc.).
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There is a class of HPM devices, which excite particular interest of the scientific community and whose operation is based on the formation and oscillations of a virtual cathode (VC)-high-density space-charge cloud in an electron beam. [8] [9] [10] [11] Due to mentioned space-charge phenomena, this class of HPM devices is called virtual cathode oscillators (VCOs) or vircators. 7, [12] [13] [14] [15] [16] Vircators are known to be a rather simple way to extract electromagnetic energy from relativistic electron beams (REBs) and to generate microwaves, providing high-power radiation up to a gigawatt output peak power level, or to amplify powerful microwave signals. [16] [17] [18] [19] [20] [21] [22] Along with advantages of VCOs such as high output power, construction simplicity, and capability to operate without application of the external magnetic field, one of the weakest points of vircators is low generation efficiency (0.1%-10%). 7, 14, [23] [24] [25] In basic VCO configurations, this issue is related to low efficiency of microwave output systems or poor bunching of electrons in the VC area. 7, 13, 26, 27 Various modifications of standard vircator design have been proposed and investigated to improve microwave generation efficiency. 15, 19, [28] [29] [30] [31] [32] In our opinion, one of the most interesting approaches to enhance vircator characteristics has been proposed in the early 1990s in the experimental work by Gadetskii et al. 33 In this work, they have suggested the idea of the hybrid vircator and backward-wave oscillator (vircator-BWO) device. They have succeeded in the generation efficiency increase owing to creating additional electromagnetic feedback with VC by means of backward wave excitation in this device.
We assume that in this context, it is more perspective to use a photonic crystal (PC) as a slow-wave or output structure. Many recent studies, both theoretical and experimental, show attractive properties of these structures, namely their capacity to concentrate electromagnetic energy and to direct their flow. [34] [35] [36] [37] [38] The idea to combine the classical configuration of the axial vircator with the PC system has been stated by Baryshevsky in his work. 39 The authors suggested that the diffraction properties of PC and its high interaction impedance provide an additional generation mechanism in such a system. However, systematic studies of microwave generation processes and radiation characteristics in this system have not been carried out yet. Detailed investigations of this issue may provide effective solution to the mentioned problem of the VCO efficiency increase. So, current work is devoted to numerical investigation of the prospective VCO scheme with the PC output structure in the framework of 3D fully electromagnetic particle-in-cell (PIC) simulation.
Let us describe the design and numerical simulation details of the proposed VCO with PC. The schematic representation of the microwave device under study is presented in Fig. 1(a) . According to this illustration, the vircator system with PC consists of a cylindrical drift tube (marked "1"), REB injector (marked "2"), focused REB (marked "3"), and PC foil grid structure (marked "4"). We set open boundary conditions at the right end of the drift tube to model electromagnetic energy output. The boundary conditions at the drift tube walls conform to perfect electric conductor (PEC) conditions. The inset in Fig. 1(a) shows the detailed view of one period of the PC structure. Here, the longitudinal axis is defined by the z letter and corresponds to the REB propagation direction. As it is seen from the figure, the structure of the PC represents a number of metal foil stripes located periodically in longitudinal and transverse directions to the beam propagation. So, this photonic crystal has two spatial periods: dz-in the longitudinal direction and dy-in the transverse direction. We should note that PC metal strips are electrically connected to the wall of drift tube to avoid their charging by the drifting REB. It is important to note that the Published by AIP Publishing. 113, 023503-1 application of the external magnetic field is necessary for efficient vircator operation. In this case, REB focusing increases the efficiency of the interaction between REB and PC.
We have chosen geometric parameters of the photonic crystal according to the work: 40 injector radius-35 mm, drift tube radius-45 mm, drift tube length-630 mm, distance between the injector and the photonic crystal-40 mm, PC spatial period along the y axis-9.5 mm, number of PC metal stripes along the y axis-5, metal stripe length along the z axis-10 mm, metal stripe thickness-0.1 mm, PC spatial period along the z axis-18 mm, and number of PC periods along the z axis-15. The maximum value of the applied magnetic field at the beam axis was 2 T. The initial potential of the beam was fixed during the simulations and equal to U 0 ¼ 120 kV.
The main idea of PC application in the axial vircator scheme is an improvement of its microwave generation efficiency owing to the principal advantages of PC. The first of them is a possibility of effectively guiding the electromagnetic energy flow induced by the VC oscillations. The second is a realization of the additional generation mechanism related to the interaction between the drifting part of REB, which passes the potential barrier of VC, and PC eigenmodes. In this case, the part of REB pre-modulated by VC oscillations pierces PC and excites intensive electromagnetic waves [ Fig. 1(b) ]. The latter contributes to the efficiency gain due to the involvement of that part of the REB, which is out-of-use in the traditional vircator scheme. Moreover, Fig.  1(b) supplemented by Fig. 1(c) shows that the interaction between REB and PC is a self-consistent process, since longitudinal E z waves are induced by REB trap beam particles and create bunches. This increases the efficiency of energy exchange between REB and electromagnetic field.
The characteristic feature of the PC structure is its dispersion diagram. It is known that in some frequency ranges, the dispersion curves of PC form bands for electromagnetic wave propagation, while in certain frequency ranges, there are bandgaps, where the wave propagation is impossible. 34, 35 Figure 2 shows the band diagram of the considered PC calculated via the finite-difference method. The bold red line here corresponds to the undisturbed drifting REB with an energy of 120 keV and is defined as f ðkÞ ¼ v b k=2p, where v b is the beam drift velocity. It is obvious that such REB piercing of the PC will excite electromagnetic waves in certain frequency ranges which are highlighted in blue in Fig. 2 . However, the REB excites most effectively the PC fundamental mode (see white point in Fig. 2 ), since the maximum of the electric field z-component of this mode is located at the REB propagation axis, which provides high beam-wave interaction impedance. Excitation of the fundamental mode of PC results in emergence of spectral components in corresponding frequency range I [for example, see Fig. 3(a) ]. One can clearly see that electromagnetic field oscillations induced in area I are characterized by low intensity and rather low frequency (about 1.67 GHz), even from the viewpoint of the microwave range.
However, in this context, a combination of the vircator operation mechanism and PC dispersion properties appears very useful for effective operation in areas II and III, since the VC oscillation frequency lies in the range of PC high- 
FIG. 2. Numerically obtained dispersion characteristics of the PC modes in
the considered vircator system. Bold blue curves represent the dispersion characteristics of PC dominant modes and thin gray lines represent the rest ones. The red straight line corresponds to the dispersion characteristic of the REB with an initial energy of 120 keV. The most significant intersections of the REB and PC dispersion characteristics are marked with white, green, and red points. We note that the white point determines the excitation of the fundamental PC eigenmode; green and red points-excitation of the highorder PC eigenmodes at I 0 ¼ 2.5 kA. Three areas of dispersion curves intersected by the beam line are highlighted with blue squares and marked as I, II, and III. order bands. In this case, the part of REB passing through the VC potential barrier is obviously modulated at the frequency of VC oscillations, f vc . As f vc is easily controlled by the value of beam current, I 0 , it gives an opportunity to realize the resonant excitation of photonic crystal high-order eigenmodes by the density modulated REB. From the viewpoint of increasing the VCO efficiency, it is more important to excite electromagnetic waves in the PC characterized by a negative group velocity: @f =@k < 0. Let us illustrate the described mechanism by means of consideration of E z Fourier-spectrum evolution under the variation of the initial beam current I 0 (see Fig. 3 ). First of all, it is notable that the low-frequency spectral component at f ¼ 1.67 GHz corresponding to the fundamental eigenmode of the photonic crystal appears in the presented Fourierspectra regardless of the value of I 0 . Amplitude of this spectral component does not depend on I 0 noticeably. It means that excitation of the fundamental mode in the system is independent of processes of virtual cathode oscillations and modulation frequency of the transmitted beam; it is only determined by passing of the beam through the peak of electric field distribution of the photonic crystal fundamental eigenmode.
As one can see from Fig. 3(a) at I 0 ¼ 2.0 kA, the REB with VC excites low-intensity waves in areas I, II, and III of the PC because VC oscillation frequency f vc ¼ 5.53 GHz, which determines the modulation frequency of the transmitted beam, lies in the bandgap of the PC, and does not match with any of the high-order PC dispersion curves. When I 0 ¼ 2.75 kA and f vc 5.95 GHz is close to one of the dispersion curves (red point in Fig. 2) , a sharp increase in amplitude of the spectral component corresponding to the VC oscillation frequency is observed [ Fig. 3(b) ]. It is important that the interaction between modulated REB and PC provides good mode selection due to effective excitation of only one photonic crystal eigenmode, whose configuration best matches the REB cross-sectional profile. The described mechanism provides the (i) narrow output radiation spectrum, (ii) well focused electromagnetic energy flow in the system, and (iii) high efficiency of distributed electromagnetic feedback via the excited backward wave. With a further REB current increase up to I 0 ¼ 3.25 kA, VC oscillation frequency drastically goes beyond area III (6.25 GHz) that leads to an interruption of PC high-order mode excitation [ Fig. 3(c) ]. The frequency of 4.5 GHz corresponding to the high-order mode from area II (green point in Fig. 2) is also excited at an average power level in the second and third cases [see Figs section of the drift tube at the open boundary. Here, we compare the obtained results with the ones calculated for the classical axial vircator without PC to demonstrate the efficiency gain. In this context, two factors worth notation. First, comparison shows that the value of output power as well as generation efficiency considerably increases in the case of PC application. The gain of efficiency reaches 5%-12%, whereas output power gains 2-5 times. Second, one can see that output power and efficiency of the vircator with PC depend nonlinearly on the beam current I 0 in contradistinction to the classical vircator scheme. Thereby, there exists an optimal operation regime of the considered vircator with PC (optimal range of I 0 is highlighted in gray in Fig. 4) . In this range of I 0 , both output power and generation efficiency attain their maximal values instead of areas of low and high beam currents.
In conclusion, we have shown that PC located in the drift tube of the axial vircator permits us to significantly improve the efficiency of microwave generation due to a number of factors: (i) high interaction impedance with passing REB, (ii) distributed electromagnetic feedback with VC, and (iii) efficient electromagnetic energy output compared to the traditional cylindrical waveguide. Summarizing the above-mentioned facts, one can consider VCO with the photonic crystal as the effective microwave device where the vircator operation mechanism and PC band properties complement each other to produce high-power electromagnetic radiation.
Concerning the experimental realization of the proposed concept, we would like to note several important points. First, one should take into account that the creation of a large magnetic field lowers the total efficiency of the device due to additional energy consumption. However, it can be minimized by optimization of magnetic system parameters. Second, at large values of beam energy and current, one can face the typical problem of HPM, where the high-energy intense beam interacts with the electrodynamical structureoverheating of its elements. In the considered system, one of the ways to avoid this problem is using thicker metal foils (up to 0.7-1.5 mm). In this case, heating is not critical and, at the same time, dispersion properties of PC are conserved.
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